Future climate changes over East Asia are studied from ensemble simulations of the coupled climate model ECHO-G, based on the Intergovernmental Panel on Climate Change (IPCC), Special Report on Emissions Scenarios (SRES) A2 and B2 scenarios. Three ensemble experiments are performed: the A2 scenario experiment with greenhouse-gas (GHG) plus sulfate aerosol forcing (referred to as A2), and the A2 and B2 scenario experiments, with GHG forcing only (A2G and B2G respectively). All experiments show that East Asian near surface temperature (T2m) and precipitation (PCP) will increase in the 21st
Introduction
Mainly based on climate change detection and attribution results (Mitchell et al. 2001) , IPCC (2001) concluded that the warming in the second half of the 20th century is largely attributable to GHG increases caused by human activities. Atmosphere-Ocean coupled General Circulation Model (AOGCM) simulations played a crucial role for this statement. They provide not only a range of internal climate variability as input to the detection and attribution studies, but also possible future projections of climate changes using emission scenarios of GHGs and aerosols (Cubasch et al. 2001) . However, there still exist large uncertainties in the results of climate change detections and projections, which stem from internal climate variability, imperfection of coupled climate models, as well as from uncertainties in external forcing, emissions scenarios, and observations (IPCC 2001 ). The multi model ensemble (MME) approach has been widely applied as one effort to reduce the uncertainty from internal variability and inter-model difference (e.g., Giorgi and Mearns 2002; Gillett et al. 2002; Min et al. 2004) . However, the MME method is limited in that its performance critically depends on that of the individual participating models. To improve the credibility of climate change projection results from the MME, it is first necessary to understand the specific characteristics of each participating model. Several model groups have carried out future climate change simulations with their AOGCMs, using IPCC SRES A2 and B2 scenarios (model dataset available from IPCC Data Distribution Center at http://ipcc-ddc.cru.uea. ac.uk). Using seven AOGCM results, Min et al. (2004) showed that East Asia is likely to experience warmer and wetter climate over the 21st century, with stronger amplitudes than global mean changes, which supported findings of previous studies (e.g., Kitoh et al. 1997; Hu et al. 2000a Hu et al. , 2000b Dai et al. 2001; Lal and Harasawa 2001; Giorgi and Mearns 2002; Buhe et al. 2003) . Particularly Min et al. (2004) found large uncertainties in the future projection of regional precipitation changes which mostly arise from inter-model differences, and suggested an investigation of relative roles of convective and large-scale precipitation (CP and LSP) changes in contributing to total precipitation (PCP) changes. This might improve understanding of the mechanism of possible future changes of the East Asian summer and winter monsoon. There have been a few studies on CP and LSP changes. Noda and Tokioka (1989) predicted an increase of global mean CP in a 2 Â CO 2 simulation, with an atmospheric GCM coupled to a mixed layer ocean model. This result, however, is not necessarily found in fully coupled model simulations (Murphy and Mitchell 1995) . Analyzing a transient 1%/yr CO 2 increase simulation with an AOGCM, Murphy and Mitchell (1995) showed that the global mean CP has increased, whereas the convective rainfall in the Southern Hemisphere (SH) was reduced, due to an increase of static stability with a maximum near 35 S and a stronger descent of the Hadley circulation at 10 S. The increase of CP in the Northern Hemisphere (NH) showed a larger magnitude than the decrease in the SH. Brinkop (2002) found a decrease of the global mean CP in a ECHAM4/OPYC3 simulation forced by IPCC IS92 GHG scenario, however the hemispheric characteristic of the CP change was identical to that found by Murphy and Mitchell (1995) : CP decreases dominantly in the SH with a larger amplitude than the CP increase in the NH. This inter-hemispheric asymmetry in CP change originates from a different warming response of both hemispheres to GHG forcing (larger surface warming in the NH than in the SH), which leads to different changes in static stability (larger in the SH than in the NH), and tropical circulation (Murphy and Mitchell 1995; Brinkop 2002) . For the East Asian region, Dai et al. (2001) analyzed the NCAR CSM and PCM simulation results, based on two scenarios of a business-as-usual and a CO 2 540 ppmv stabilization case, and predicted the summer PCP increase for the East Asian monsoon region which was dominated by CP rather than LSP increase.
In this paper, we analyze future climate changes over the East Asian region from recent simulations with the AOGCM ECHO-G under IPCC SRES scenarios, focusing on near surface temperature (T2m) and PCP. Three different experiments have been simulated under GHGs and sulfate aerosol forcing. The first is threemember ensemble simulations based on A2 GHG plus aerosol scenarios, which is referred to as A2. The second and third experiments consist of two members performed with A2 and B2 GHG-only scenarios, referred to as A2G and B2G respectively. Using the simulation data, CP and LSP changes are analyzed in detail together with storm track changes over the North Pacific. In order to see whether ECHO-G results support the mechanism of CP and LSP change explained above, changes of the atmospheric meridional circulation and vertical temperature structure are analyzed. In addition, differences between A2 and A2G are used to estimate effects of aerosol forcing, which is one of the major factors in East Asian climate change (e.g., Menon et al. 2002; Qian et al. 2003) . Similarly, a possible impact of GHG mitigation is assessed by searching for significant differences between A2G and B2G results in the late 21st century, assuming that we can reduce GHG emissions by the B2 scenario level from that of A2, following Min et al. (2004) .
Model and experiments are described in section 2. In section 3, analysis methods are explained, together with significance tests for the difference between the experiments, and an introduction of seven other AOGCM simulations to be compared with ECHO-G. East Asian climate changes in the ECHO-G projections are described in section 4, where contributions of CP and LSP are analyzed as well as changes of the meridional circulation, zonal mean static stability, and storm tracks. Aerosol and GHG mitigation effects are also assessed. In the final section, the main findings are summarized with some discussions.
Model and experiments

Model description
ECHO-G consists of the atmospheric component ECHAM4, and the oceanic component HOPE-G. A general model description of ECHAM4 and of its performance in simulating the present-day climate is found in Roeckner et al. (1996) . For ECHO-G, the standard ECHAM4 has been modified, such that the heat, freshwater, and momentum fluxes are calculated separately for the ice-covered and ice-free part of each grid cell following Grötzner et al. (1996) , and schemes for continental river runoff, and freshwater input from glaciers, have been implemented (Legutke and Voss 1999) in order to conserve fresh water in the coupled system. Considering that HOPE-G revealed similar performance when forced with daily T30 or T42 ECHAM4 model output, the T30 version of ECHAM4 is used in order to gain computing time and enable multi ensemble simulations (Legutke et al. 1996) . The vertical resolution of ECHAM4 is by 19 hybrid sigma-pressure levels, with the highest level at 10 hPa.
Total PCP in the ECHO-G model is composed of CP and LSP. LSP occurs through large-scale thermodynamic processes controlled by relative humidity (Sundqvist et al. 1989) . Large-scale condensation is based on the approach of Sundqvist (1978) . CP is calculated in ECHAM4 through a mass flux scheme according to Tiedtke (1989) , with an adjustment closure following Nordeng (1994) (Roeckner et al. 1996) . CP is the sum of precipitations due to three types of convection: tropical deep convection, shallow cumulus convection, and mid-level convection, which are mutually exclusive (Brinkop 2002) .
ECHO-G includes a tropospheric sulfur cycle model (Feichter et al. 1997) where transport, deposition, and some chemistry are calculated interactively with the atmospheric component. Dimethylsulfide (DMS), sulfur dioxide (SO 2 ), and sulfate aerosols (SO 2À 4 ) are the prognostic variables. It is assumed that biogenic emissions occur as DMS, whereas volcanic emissions, biomass burning, and combustion of fossil fuels occur as SO 2 . Transport and diffusion of the sulfur species are treated similar to water vapor. Dry and wet depositions are parameterized by a deposition velocity and the local precipitation formation rate, respectively. DMS and SO 2 are oxidized by hydroxyl radicals (OH À ), nitrate radicals (NO 3 ), hydrogen peroxide (H 2 O 2 ), and ozone (O 3 ), which are prescribed from estimated monthly patterns produced by a chemistry model coupled to ECHAM4 (Roelofs and Lelieveld 1995) . The end product of the gaseous and aqueous oxidation of SO 2 is sulfate aerosol SO 2À 4 , which interacts radiatively with the ECHAM4 model through direct and firstindirect effects (see Roeckner et al. 1999 for details) . Note that the sulfur cycle model is switched off in the A2G and B2G simulations.
The ocean model HOPE-G is the global version of the Hamburg Ocean Primitive Equation Model (HOPE) coupled to a dynamicthermodynamic sea ice model with snow cover included (Legutke and Maier-Reimer 1999) . The horizontal resolution corresponds to a Gaussian T42 grid (about 2.8
) with meridional refinement towards the equator (of 0.5 between 10 S and 10 N), and the vertical resolution is given by 20 levels. HOPE-G has been little changed from the version described in Wolff et al. (1997) except for the thermodynamic ice growth, which is computed from the fluxes obtained from ECHAM4 rather than from internal heat-balance equations.
The coupler OASIS (Valcke et al. 2000) exchanges 10 atmospheric flux fields and four fields of ocean and sea ice surface conditions once a day. ECHO-G is flux corrected. However, unlike the usual method of flux corrections with monthly mean fluxes of heat, water, and momentum, ECHO-G flux corrections are annual mean fluxes of heat and fresh water, with no corrections for momentum flux and no variations in time. This has the advantage of not constraining seasonal variations. Also, no corrections are applied poleward of the climatological observed ice edge, which varies monthly and longitudinally according to AMIP (Atmospheric Model Intercomparison Project) sea surface temperatures (SSTs) colder than freezing point (Legutke and Voss 1999) .
A more detailed description of the coupling technique of ECHO-G can be found in Legutke and Voss (1999) . The climatology and internal variability of a 1000-yr control run are described in Min et al. (2005b,c) . The climate variability in the 1000-yr control run has been studied in many works (e.g., Baquero-Bernal et al. 2002; Zorita et al. 2003; Rodgers et al. 2004) . Recently, centennial historical and paleoclimate simulations with ECHO-G have been studied by Zorita et al. (2004 ), von Storch et al. (2004 , and Felis et al. (2004) .
Experiments and forcing
The simulations are based on IPCC SRES A2 and B2 scenarios (Nakicenovic and Swart 2000) for GHGs and sulfate aerosols. Time varying data of three main GHGs (CO 2 , NH 4 , and N 2 O), and 16 minor GHGs including industrial chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), and hydrofluorocarbons (HFCs) are prescribed for the period of 1860-2100. The data are based on observed concentrations for the historical period 1860-1990, while they are taken from SRES A2 and B2 scenarios for the period after 1990. Figures 1a,b ,c show time series of concentrations of the three main GHGs. CO 2 concentrations increase up to 820 and 610 ppmv by 2100 in A2 and B2 respectively.
Direct and first-indirect effects of aerosols are taken into account (for details see Roeckner et al. 1999) . Biogenic and volcanic sulfur emissions are kept constant with time (not shown), and anthropogenic emissions from every ten years are linearly interpolated into each year at each grid point. (Fig. 2a) . In 2030, larger sulfur emissions are predicted in China, India, and South Africa while those from Europe and North America are reduced (Fig. 2b) . In the late 21st century, emissions are reduced over most areas, as in the temporal behavior shown in Fig. 1e 1860 (preindustrial), 1985 (presentday) , and 2050 (future), which were obtained from Roeckner et al. (1999) . Patterns of ozone and other oxidants in 2050 are based on IS92a scenario and after 2050 they are assumed constant at the 2050 values.
There are total eight realizations analyzed here. A schematic diagram of ECHO-G experiments is given in Fig. 3 . Five runs have been done with ECHO-G version without aerosols: two members for both A2G (A2G_1 and A2G_2) and B2G (B2G_1 and B2G_2), and a single run for the control run (CTL). A2G and B2G runs are continuations for 1991-2100 of four member G simulations (G_1 to G_4). Hereafter we refer to the whole period simulations as G þ A2G and G þ B2G. Initial data for the G runs and CTL are obtained by spinning up ECHO-G for five years, starting with ocean restart files of year 310 (for G_1 þ A2G_1, G_3 þ B2G_1, and CTL) and 410 (for G_2 þ A2G_2 and G_4 þ B2G_2) of the 1000-yr control runs, and with a climatology for ECHAM4. G_1 and G_3 [G_2 and G_4] are different from each other by taking slightly different atmospheric initial condition. The description and simple analysis results of the G_1 þ A2G_1 and G_3 þ B2G_1 can be found in Oh et al. (2004) and Boo et al. (2004) , who dynamically downscaled East Asian climate changes using a regional climate model.
Three member A2 ensemble simulations (A2_1, A2_2, and A2_3) for the period of 2001-2100 have been carried out with the ECHO-G version including the tropospheric sulfur cycle model restarting from GSN (GHG þ Sulfate aerosols þ Natural forcing) historical runs (1860-2000, see Fig. 1 ). We refer to these simulations with aerosols for 1860-2100 as GSN þ A2. Natural forcing including solar and volcanic activities is implemented through changing solar constant for 1860-1998 (Crowley 2000) , which is kept constant as 1365 W m À2 (historical mean for 1860-1998) from 1999 onwards. In order to get atmospheric initial conditions for the GSN runs appropriate for the interactive sulfur cycle model, a 6-year spinup of the ECHO-G aerosol version was carried out from ocean restart files of year 199, 299, and 399 of a preindustrial control run. The preindustrial control simulation was integrated by the Free University of Berlin for 576 years, with ECHO-G version without aerosols, starting from Levitus ocean climatology and atmospheric climatology of ECHAM4 as initial conditions. After a large warming trend in the first 120 years, there appears little long-term climate trend (Frank Kaspar, personal communication) .
The enhancement of the three main GHG concentrations is taken into account in an appropriate way for the whole period of simulations of G_A2G and G_B2G (Roeckner et al. 1999 ). Because present-day daily mean atmo- spheric fluxes (from a 15-year ECHAM4/T42 simulation with AMIP SST climatological monthly mean fields of 1979-1988) were applied for HOPE-G spin-up and flux adjustment calculation, and the 300-yr control run were performed with 1990 concentrations of the main GHGs rather than preindustrial values, the initial shift in concentrations is considered by enhancing the concentrations using a simple relationship between the radiative forcing and GHG concentrations, and keeping the radiative forcing from adjusted concentrations same as that from original concentrations (for details, see Appendix of Roeckner et al. 1999 ).
Analysis variables and methods
The analysis concentrates on T2m and PCP over East Asia, defined as the domain of 80-180 E and 20-60 N, including both land and ocean areas. Annual time series of areaaveraged T2m and PCP obtained from each climate change experiments are compared, and their seasonal dependence is assessed. ECHO-G A2 results are also compared with 30-yr mean MMEs of seven AOGCMs (hereinafter referred to as MME7) from the IPCC Data Distribution Center (DDC) for three periods starting in 2010, 2040, and 2070, and with their maximum and minimum ranges ). The models are CGCM2, CCSR/NIES2, CSIRO Mk2, ECHAM4/OPYC3, GFDL_R30_c, HadCM3, and DOE PCM. The MME7 results include sulfate aerosol direct forcing (and additional aerosol indirect forcing for CCSR/NIES2, ECHAM4/OPYC3, and HadCM3, see Table 1 of Min et al. 2004 ) as well as GHG forcing.
To clarify a mechanism relating convection changes with changes of the Hadley circulation and static stability found in earlier studies, the atmospheric meridional circulation and vertical structures of temperature and static stability are analyzed. The meridional streamfunction ðcÞ at latitude ðjÞ and pressure level ð pÞ is defined as:
pÞ dp ð1Þ
where a is the radius of the Earth, g is the gravity constant, p s is surface pressure, and ½v is zonal mean meridional wind. The static stability ðSÞ is defined as:
where T is temperature, y is potential temperature, G is the atmospheric lapse rate, and G d is the dry lapse rate.
To investigate changes of storm tracks in future climate, we introduce a storm track (or baroclinicity) index following Kodama and Tamaoki (2002) and Chang (2004) . The storm track index is defined as a temporal average of meridional heat flux ½v 0 T 0 in the lower troposphere (at 700 hPa) where the prime denotes daily deviation from monthly mean values at each grid point, and the bracket represents time average. DJF and JJA mean storm tracks over the North Pacific including East Asia are compared with changes in PCP, CP, and LSP in the late 21st century.
In order to assess aerosol effect [a potential impact of GHG mitigation], we search for statistically significant differences between A2 and A2G [A2G and B2G] results for the late 21st century. A statistical significance is tested for each grid point using univariate two-sided T-tests. Variances of two ensemble means are estimated from ten 30-yr subsections of the 300-yr CTL experiments. This is based on the assumption that the internal and intraensemble variability of 30-yr mean T2m and PCP will not be changed in the future by GHG and aerosol forcing. To get a more robust estimation, a strict significance level of 1% is taken for the significance test. 
Results
Area-averaged time series a. Temperature
Figures 4a,b show time series of 11-yr running mean global and East Asian areaaveraged T2m for the ECHO-G GSN þ A2, G þ A2G, G þ B2G, and CTL simulations. They are anomalies from the 1961-1990 mean of each simulation. The global T2m in the CTL simulation shows almost no trend, but those in the other forced simulations have positive trends ranging from 2.9-4.5 K by 2100, where the A2 warming lies between those of A2G and B2G (Fig. 4a) . A kind of transient climate response (TCR), which is originally defined as ''the global mean temperature change which occurs at the time of CO 2 doubling for the specific case of a 1%/yr increase of CO 2 '' (section 9.2.1 of Cubasch et al. 2001) , can be estimated from ECHO-G A2G and B2G runs after removing warming by non-CO 2 GHGs on the basis of different radiative forcing of non-CO 2 (1.02 W m À2 ) and CO 2 (1.55 W m À2 ) estimated from ECHAM4 (Table A1 of Roeckner et al. 1999) . They are a bit larger than values in Table 6 .11 of IPCC (2001) (Fig. 1a) . By that time, the global temperature has increased by 3.0 K in both A2G and B2G experiments (Fig. 4a) , and the estimated TCR by CO 2 only, is about 60% of the warming, 1.8 K. This value is very close to TCR (1.7 K) of ECHO-G in a 1%/yr CO 2 increase experiment, which indicates a negligible effect of different warming period on T2m change (190 to 210 years versus 70 years). It is also shown in Fig. 4a that mem- bers of the same scenario simulations exhibit similar responses, implying that the internal decadal variability in the global mean T2m, originating from different initial conditions, is very small compared to the difference between the scenarios. East Asian mean T2m increases have larger amplitudes than the global means ranging from 4.4-6.4 K by 2100 (Fig. 4b) . The increasing trend of East Asian T2m is about 1.5 times stronger than that of global T2m. It is a general feature of AOGCM simulations that variability tends to increase with a decreasing size of the region considered. The difference between responses of ensemble members in the East Asian T2m is, however, still smaller than that between the scenarios. Magnitudes of global and East Asian areaaveraged T2m changes are listed in Table 1 for three 30-yr periods of 2020s (2010-2039), 2050s (2040-2069), and 2080s (2070-2099) in ECHO-G A2 compared with MME7 means and intra-ensemble ranges. The ECHO-G warming signal in the global and East Asia region lies close to (0.2-0.3 K less than) the MME7 mean values within the range of the seven AOGCMs. When ECHO-G A2G (values in parentheses of Table 1 ) is compared to ECHO-G A2, areaaveraged aerosol cooling effect in the 2080s appears as À1.1 K for the East Asian region, compared to À0.9 K for the globe (see subsection 4.4).
For the historical period, T2m observations provided by the Climate Research Unit (Jones and Moberg 2003) (Min et al. 2005a) . It is shown that the GSN simulations represent better consistencies with observational T2m changes than the G runs for the East Asia region as well as the globe, implying that observed T2m changes are attributable for both natural and anthropogenic forcing rather than only G forcing. Although a systematic analysis is needed in the comparison, which is beyond of the scope of this paper, this coincides well with previous results from other AOGCMs (IDAG 2005 and references therein).
b. Precipitation
Figures 4c,d show 11-yr running mean areaaveraged PCP changes. As in the case of T2m (Fig. 4a) , the forced simulations predict increasing global PCP, while the CTL simulation shows no trend. The PCP increases are about 2.8-4.3% by 2100, with A2 values positioned between A2G and B2G. ECHO-G TCR estimate for the global PCP change (60% of original PCP change by considering CO 2 only excluding contributions from non-CO 2 gases, see subsection 4.1.a) is about 1.7% [1.6%] in the A2G [B2G] experiment, which is stronger than the TCR (1.1%) in an ECHO-G 1%/yr CO 2 increase experiment. One of possible causes might be found in the longer time emission scales for the A2G and B2G experiments, compared to the 1%/yr CO 2 increase experiment. Less increase of the global PCP in the A2 experiments near 2040s, compare to A2G and B2G can be explained by a strong effect of aerosol cooling in the period ( Fig. 1e and Table 1 ). Although generally the PCP exhibits larger internal variability than T2m, the internal variability in the global mean PCP is smaller than the difference between the scenarios for decadal time scale.
Regional PCP in East Asia shows a different behavior (Fig. 4d) . First, although the A2G results appear to show larger increases than those of A2 and B2G, the internal variability is so strong that the difference between the scenarios is not clearly discernable even in the 11-yr running means. Secondly, the regional PCP changes are about 2-3 times larger than global mean changes, whereas the corresponding figure is only 1.5 for T2m changes (Figs. 4a,b) . A comparison of ECHO-G PCP changes in the A2 scenario with results from MME7 (Table  2) shows that ECHO-G predicts similar increase (0.1-0.3% less) of global and East Asian PCPs to the MME7 means. The A2 and A2G comparison shows that aerosol forcing has an effect of drying for the globe and East Asian region by À0.5 and À2.7% of PCP change respectively in the late 21st century. It is interesting to see in the subsection 4.4 that aerosol forcing implemented in this study does not have a local effect on East Asian T2m and PCP changes.
c. Seasonal dependence
In order to examine the seasonal dependence of climate changes, global and East Asian T2m and PCP changes in the 2080s are compared between four seasons (DJF, MAM, JJA, and SON) in Fig. 5 . Global mean T2m changes are 0.3-0.5 K larger in DJF and SON than in MAM and JJA in all experiments (Fig.   5a ) which are statistically significant at 99% confidence level according to two-sided t test described in section 3, where variances of 30-yr seasonal mean T2m are estimated from ten (nine for DJF) 30-yr subsections of the CTL run. This stems from hemispheric differences of the land-sea distribution and different heat capacities of land and ocean. The seasonal change of East Asian temperature (Fig. 5b) shows a similar feature, but the warming in DJF becomes more prominent with values 0.8-1.1 K larger than in JJA and MAM. This supports previous results by Min et al. (2004) , except that they obtained a larger warming in MAM rather than in SON. The difference comes from a different definition of the East Asia domain (100-145 E, 20-60 N) and the use of MMEs in Min et al. (2004) rather than a single model here. While Min et al. (2004) used the same regional domain as in previous studies (e.g., Giorgi and Mearns 2002; Lal and Harasawa 2001 ) that focused on climate change projections over land area, we take a larger domain to include oceanic area.
Global PCP increases are stronger by 0.4-1.0% in DJF and SON than in MAM and JJA (Fig. 5c ), which are in general statistically significant at 99% level, similar to the finding in the global T2m response (Fig. 5a ) except for two cases: difference between DJF and JJA from A2_1 and that between DJF and MAM from B2G_2. In contrast to the result for global PCP, East Asian PCP exhibits a significantly larger (>10%) increase of PCP in JJA than in other seasons, which is not consistent with the seasonal distribution of East Asian T2m change, i.e., larger winter warming. The partition of PCP into CP and LSP reveals that the stronger increase of summer PCP over East Asia is ex- plained by both CP and LSP increases (see marks in Fig. 5d ). This indicates an important characteristic of simulated seasonality in regional climate change. Min et al. (2004) also found a consistent increase of East Asian summer PCP from MME7, and discussed a possible intensification of East Asian summer monsoon (Kitoh et al. 1997; Hu et al. 2000b ). However, Min et al. (2004) pointed to the problematic dry biases of AOGCMs in simulating the East Asian summer climate, which reduces the reliability of the projection result. Since ECHO-G also has a dry bias in East Asian JJA PCP (Fig.  10 of Min et al. 2005b) , the interpretation of summer PCP increase found here should be done with care. CP and LSP contributions to this seasonal PCP change over East Asia will be analyzed further below.
Spatial patterns a. Temperature
Figures 6a,c show global patterns of DJF and JJA T2m changes in the 2080s from ECHO-G A2G experiment (mean of A2G_1 and A2G_2). A2 and B2G patterns are similar with smaller amplitudes (not shown). The DJF global pattern is characterized by larger warming in NH high latitudes, with a maximum of 20 K near the North Pole. Warming over the ocean is less than over land, and T2m change in the Southern Ocean is near zero, which is evident in the zonal mean pattern. East Asian T2m in DJF (see the box in Fig. 6a ) increase more in higher latitude continental areas than in lower latitude oceanic areas, which are the same as in other models ). T2m changes in JJA have smaller amplitudes than in DJF by 0.5 and 0.9 K for the global and East Asian means respectively (Fig. 6c) . Additionally, the JJA T2m, characterized by a dominant warming in the NH mid-latitude with maximum amplitude of 10 K in the Tibetan plateau, reveals a pattern different from that in DJF.
In the patterns of T2m change, apart from the continental warming, a notable warming appears in the Northwestern Pacific, which is seen in both DJF and JJA (Figs. 6a,c) . This warming is well developed in the upper ocean as well (see potential temperature at 10 m in Fig. 7) . It is associated with changes of the Kuroshio Current system, and of atmospheric vorticity input. The barotropic streamfunction, which characterizes the horizontal motion of the ocean, in the 2080s of the A2G ensemble mean displays a weakening of the subtropical gyre by ca. 10 Sv (22%), and of the subpolar gyre by more then 50%, compared to 1960-89 (Fig. 7) . The latter results in a reduced southward transport of cold water and causes the warming in the frontal region (see welldeveloped negative atmospheric heat flux over the region), together with a northward shift of the front between the two gyres (compare the zero line of present-day, and future, streamfunctions near 40 N in Fig. 7 ). The change pattern of the wind stress curl shows that the decrease of the strength of the subpolar gyre is caused in turn by a decrease of vorticity input north of 40 N (Fig. 7) , in accord with a northeastward shifts of the Aleutian Low and jet stream (not shown) (Hu et al. 2000a ). The decrease in the wind stress curl over the region is markedly large (about 50%) compared to the present-day value. However, this warming area is not well identified in the MME mean (e.g., Figs. 9.10d,e of Cubasch et al. 2001) , and might be a specific feature of the ECHO-G model.
b. Precipitation
Figures 6b,d show global patterns of PCP changes in DJF and JJA from the A2G experiments. Larger changes in DJF and JJA PCPs are seen mainly in the tropical Pacific. While DJF PCP increases in the equatorial western Pacific (120-150 E), it decreases in the central equatorial Pacific (150 E-150 W) (Fig. 6b) . Interestingly, this resembles the typical pattern of DJF PCP change during La Niñ a rather than El Niñ o events (e.g., Ropelewski and Halpert 1989; Trenberth and Caron 2000) , although the simulated PCP decrease in the equatorial central Pacific is positioned more westward. JJA PCP changes show an opposite pattern in some regions, i.e., an El Niñ o pattern in the central tropical Pacific (Fig. 6d) . However, PCP decrease is not identified in the equatorial western Pacific, instead PCP increases in the off-equatorial northwestern Pacific, equatorial Indian Ocean, and Himalayan mountain region. The changes in the last two areas appear to be related to an intensification of Indian summer monsoon (e.g., Meehl and Washington 1993; Kitoh et al. 1997; Hu et al. 2000b) .
The East Asian DJF PCP change is characterized by an increase in the northwestern Pacific and a decrease in the East China Sea, while the JJA PCP change in East Asia shows an increase along the coast with a maximum near the Korean Peninsula (Figs. 6b,d ; also see Figs. 13 and 14) . These DJF and JJA PCP patterns, which represent possible changes of the East Asian winter and summer monsoon systems respectively, are well matched with other models . Previous studies showed that the weakening of the East Asian winter monsoon was accompanied by a northeastward shift of the Aleutian low (Hu et al. 2000a) , and that the strengthened East Asian summer monsoon was explained by an enhanced land-sea contrast and a northward shift of the convergence zone (Hu et al. 2000b; Kitoh et al. 1997 ). As discussed above, however, it should be noted that the reliability of the PCP pattern is not high, especially in summer, because of the low performance (dry bias) of ECHO-G in simulating the observed JJA PCP climate, which is a common error in many AOGCMs Giorgi and Mearns 2002) . These global and East Asian characteristics in PCP changes are shared by the A2 and B2G experiments (not shown).
4.3
Convective versus large-scale precipitation changes a. Area mean and seasonal dependence Figure 8 shows spatial patterns of presentday climate of PCP, CP, and LSP obtained from 300-yr CTL for DJF and JJA. Simulated PCP patterns are very similar to observations as in the result of a 1000-yr control run analysis (see Fig. 9 and Fig. 10 of Min et al. 2005b ). As expected, CP explains PCP mostly over the tropics, while LSP does in extratropics in accord with storm tracks (see Fig. 13 ), which is clearly seen in the zonal mean patterns. It is also notable that (1) larger CP is located over land area in summer hemisphere and (2) there is a certain amount of LSP (@2 mm day À1 ) over the tropics associated with large-scale dynamics over the region. Area averaged values of present-day PCP, CP, and LSP are compared for the globe and East Asia in Table 3 . Whereas the global PCP for all seasons and the East Asian PCP in JJA are explained by both CP and LSP with a contribution ratio to PCP ranging 45-54%, East Asian PCP in DJF is dominated by LSP (83%), which occurs closely related to the East Asian monsoon system. Figure 9 shows time series of global and East Asian area-averaged CP and LSP changes from all ECHO-G experiments. Ratios of CP to PCP are analyzed together to see the relative con- tribution of CP and LSP changes to the total PCP changes. It is shown that global mean CP decreases, while global mean LSP increases in the 21st century. Since the LSP increase overwhelms the CP decrease, total PCP increases globally (Fig. 4c) , consistent with the result of Brinkop (2002) . Contribution ratio of CP [LSP] to PCP also decreases [increases] by about 4% from 1860 to 2100 (Fig. 9c) . It is notable that there are not significant differences between the scenarios in CP changes (Fig. 9a) . On the other hand, scenario-dependent changes are clearly seen in LSP (Fig. 9b) , which resemble total PCP changes in Fig. 4c . The LSP differ- 
and CTL experiments. See Table 3 for the present-day values from CTL.
ence in the historical period is a result of different forcing implemented, i.e., G versus GSN. A difference between the experiments can be found in the ratio of CP to PCP, which might originate from different initial climate: present day in G versus preindustrial initial conditions in GSN. However, the different initial state does not seem to affect the trends or changes. In contrast to global mean results, both East Asian CP and LSP show increasing trends as time increases (Figs. 9d,e) . The CP increase (15-25% of 1961-1990 means by 2100) is much larger than the LSP increase (2-6%). Accordingly the CP to PCP ratio over the East Asian region increases by about 3% at the end of the 21st century in all the scenario runs. Based on the satellite-driven dataset of Tropical Rainfall Measurement Mission (TRMM) Precipitation Radar (PR), Fu and Liu (2003) showed that the rain fraction ratio of convective to stratiform over the East Asia region N, 100-140 E) is about 1 : 1. In comparing the CP to LSP ratio simulated by ECHO-G CTL using the same domain, the ratios of 0.6-0.9 are found in JJA and SON, while they are as low as 0.2-0.3 in DJF and MAM, which are less than that observed by Fu and Liu (2003) . However, one should keep in mind that the result by Fu and Liu (2003) is obtained from a single year, so its comparison with long-term model simulations cannot be done reasonably. In addition the definitions of CP and LSP are different between TRMM data and the model, which may be one of the reasons why the ratios are different. As in the PCP results (Fig. 4d) , there are large decadal variability in East Asian CP and LSP, which makes it difficult to identify different scenarios (Figs. 9d,e) .
In order to see the relative roles of CP and LSP more clearly, DJF and JJA mean changes of CP, LSP, and PCP from all members of A2, A2G, and B2G experiments are compared for the globe and East Asian region (Fig. 10) . Global mean PCP increases are dominated by LSP changes in both DJF and JJA, and global mean CPs decrease consistently in all experi- ments, all of which are statistically significant at 99% confidence level (see section 3 for the t test). East Asian PCP increases in DJF are explained by LSP and CP together (LSP is larger in general), but JJA rainfall increases over East Asia are caused mainly by CP increases in all the simulations. A significance test shows that the PCP, CP, LSP changes over East Asia are statistically significant with respective to CTL values (near zero) at 99% confidence level in all experiments except for some variables in DJF only: CP of A2_1, CP of A2_2, LSP of B2G_1, and All variables of B2G_2. It is interesting to see that there is a marked seasonal dependence in East Asian PCP changes: PCP increases (0.32-0.58 mm day À1 ) in JJA are more than three times of DJF PCP increases (0.01-0.17 mm day À1 ). On the other hand, there is little difference between DJF and JJA global mean PCP changes (ratio of JJA PCP to DJF ¼ 0.77-1.0). Figure 11 shows global distributions of DJF and JJA CP and LSP changes in the 2080s with zonal mean patterns from the A2G experiments. In the zonal means, total PCP changes are drawn together. Zonal mean patterns in Figs. 11a,c show that the CP decreases contribute to the total PCP decreases mainly near the equator in DJF and at 30-40 S in JJA, which is consistent with other model studies (Murphy and Mitchell 1995; Brinkop 2002) . The meridional circulation and static stability distribution in Fig. 12 show that the equatorial CP decrease in DJF is explained by a weakening of the northern Hadley cell (compare Figs. 12a,c) , while the JJA CP decreases in the SH mid latitudes occur through an increased decent (Fig.  12d) caused by an increased static stability (Fig. 12h) . Such a strong increase of the static stability is not seen in the NH because of the larger warming near the surface (Fig. 12f ). Another consistent change in the stability and vertical motion can be seen near 50 S in DJF (Figs. 12c,g ) where, however, SST is too cold for convection to occur. It may rather play a role in reducing LSP (Fig. 11b ). An increase of CP is found over the tropical continents of the summer hemisphere (Figs. 11a,c) , including the monsoon area of India and East Asia, which is consistent overall with the T2m pattern of larger warming over land than over the ocean. Except for the two regions of zonal mean total PCP decrease explained above, the zonal mean LSP change explains most of the latitudinal change of total PCP (Figs. 11b,d ). This implies that the LSP dominates the global mean PCP changes. LSP change in JJA is somewhat remarkable in the equatorial Pacific. It might occur related to large-scale circulation change as a response of El Niñ o-like pattern over the region in JJA (not shown), for which further investigation is necessary.
b. Spatial patterns and meridional circulation changes
c. Comparison with storm track changes
Wintertime CP and LSP contributions to the total PCP over East Asia are shown in Fig. 13 with present-day and future patterns, and their differences. Corresponding summertime results are shown in Fig. 14 . Storm track patterns are analyzed together to see its link with LSP or CP changes. The result is based on the A2G experiment, and A2 and B2G results exhibit similar patterns with reduced amplitudes (not shown). The pattern of DJF PCP changes is controlled more by LSP change (Fig. 13) . The spatial pattern of PCP and LSP change in DJF displays an increase north of, and a decrease south of 40 N, which indicates a poleward shift of the frontal zone (Hu et al. 2000a ) and the Kuroshio Current (Fig. 7) . This result is in accord with storm track and baroclinicity changes (e.g., Geng and Sugi 2003 and references therein; Fischer-Bruns et al. 2005; Yin 2005) . When compared with observations (e.g., Fig. 9 of Kodama and Tamaoki 2002) ECHO-G reproduces most of observed features of present-day storm tracks in DJF and JJA for the analysis region. The simulated patterns of storm tracks in DJF of present-day and future periods are well consistent with those of PCP and LSP over the North Pacific. The change of baroclinicity is characterized by a dipole around 40 N, with increase in the north and decrease in the south similar to that of PCP change, which represents a poleward shift of storm activity (Geng and Sugi 2003; Fischer-Bruns et al. 2005; Yin 2005 ). Yin (2005) reported a consistent response of storm track to GHG forcing from multi AOGCMs, but its mechanism is still unclear (Cubasch et al. 2001) . CP increases near the boundary of the dipole pattern, and over the southern center of baroclinicity reduction which are areas of larger SST warming (Fig. 7) .
In the JJA results shown in Fig. 14 , it is interesting to see that the pattern of CP change explains most of the increases in total PCP over East Asia in accord with the finding of Dai et al. (2001) . Especially the increase of CP along the coastal line is well contrasted by no changes of LSP. This suggests that convection in the summer season may be a good indicator of climate changes over the East Asian region. Indeed, observational studies show an increasing frequency of extreme precipitation events in East Asia (Iwashima and Yamamoto 1993; Zhai et al. 1999; Easterling et al. 2000; Fujibe et al. 2005 ). Baroclinicity in JJA, which is much weaker than in DJF, is projected to decrease over the mid-latitudes with a center over the North Pacific. There is no connection between LSP and storm track changes in JJA. These results of relative dominance of CP and LSP changes and its association with storm tracks are very important, considering that these East Asian PCP changes appear consistently in many other AOGCM simulations (Giorgi and Mearns 2002; Min et al. 2004 ).
Aerosol versus GHG effects
There have been increasing studies of aerosol effects on East Asian climate change. From regional climate model simulations with aerosol forcing, Giorgi et al. (2002 Giorgi et al. ( , 2003 and Qian et al. (2003) found a localized cooling effect of aerosols over China consistent with observed patterns. Comparing AOGCM experiments with and without black carbon aerosol forcing, Menon et al. (2002) argued for an important role of black carbon aerosols in East Asian climate change. However, Roeckner et al. (1999) found a widespread cooling in the NH from an AOGCM with sulfate aerosol forcing. Here, the difference between ECHO-G A2 and A2G experiments for the 2050s (2040-2069) is examined when aerosol forcing is larger (Figs. 1 and  2 ) to assess simulated aerosol effects on East Asian future climate. Taking a different period (e.g., 2015-2044 when maximum emissions occur over East Asia) does not change the main results. Figure 15 shows the differences for DJF and JJA mean T2m, PCP, CP and LSP. Areas of statistically significant difference are shaded (see section 3 for the method of significance test). Aerosol cooling effects can be found over large areas of East Asia with area-mean amplitudes of 1.0-1.2 K. The spatial pattern of the cooling effect resembles those of mean T2m changes in DJF and JJA (Figs. 6a,c) with opposite signs. Our simulation represents little local effect of aerosols on T2m changes over the region, consistent with Roeckner et al. (1999) , but unlike the other studies described above. A2-A2G results for PCP are not well pronounced compared to the T2m results. This lower significance in PCP difference is caused by larger internal variability of PCP than of T2m (Paeth and Hense 2002; Min et al. 2004 ). Aerosol effect on PCP is dominated by drying in both seasons with area-averaged values of À0.11 mm day À1 in JJA and À0.08 mm day
À1
in DJF. The PCP patterns of aerosol effect look like mean change patterns of PCP changes (Figs. 6b,d ) as in the T2m result. Significant reductions of PCP increase are found over the ocean north of 40 N in DJF, and over the costal region near 25-35 N in JJA, which are two marked areas of seasonal PCP increases. Similar changes by aerosol forcing are found in the LSP and CP patterns for the two areas. The former is explained by LSP decrease while the latter is by CP reduction. This confirms that sulfate aerosol forcing does not have a local impact on the simulated climate change over East Asia as in Roeckner et al. (1999) . It should be noted, however, that black carbon aerosols are not included in our model simulations. Comparison with other model results indicates that there are large uncertainties arising from different models and aerosol forcing. While Qian et al. (2003) found no significant effect of sulfate and black carbon aerosols on the PCP change over East Asia, Menon et al. (2002) explained observed summer PCP increase over south China by black carbon aerosols. Considering that the two results are based on direct effect only and that the indirect effect of aerosols might be very critical , the aerosol effects on East Asian climate change needs more investigation.
Marked differences between projected patterns of A2G and B2G represent a possible impact of GHG mitigation . It enables us to assess the extent to which the regional climate change can be diminished by reducing GHGs emissions. Figure 16 shows differences between A2G and B2G anomaly patterns for 2070-2099 over the East Asian region. Statistically significant cooling effects of GHG mitigations are found for both DJF and JJA with area means of 1.7 K. PCP results show that the area mean PCP increase can be reduced by about 0.13-0.18 mm day À1 . Larger areas of statistical significance, compared to the MME result of Min et al. (2004) , can be explained by smaller intra-ensemble variability in a single model here. The relative roles of CP and LSP in total PCP changes by GHG mitigation effects appear the same as in the aerosol effect (compared with Fig. 15 ). The local areas of significant T2m, and PCP changes, coincide well with areas of larger changes (Fig. 6) , implying a spatially consistent response of East Asian climate change to different magnitudes of GHG forcing.
Summary and discussions
Climate change simulation results for 1860 to 2100, based on historical and IPCC SRES A2 and B2 scenarios, with the coupled AOGCM ECHO-G are analyzed focusing on the East Asian T2m and PCP. An examination of the relative contribution of CP and LSP changes to total PCP changes are highlighted, as well as storm track or baroclinicity analysis over the region. Three experiments of A2, A2G, and B2G are carried out. The A2G and B2G experiments are done with GHG forcing only, while the A2 experiment includes aerosol forcing additionally. Hence the A2 and A2G results are compared to assess aerosol effect on East Asian climate change, while the differences between A2G and B2G are used to investigate a possible impact of GHG mitigation. The main findings are summarized below with discussions.
1. All experiments predict that the East Asian climate will be warmer and wetter in the 21st century than at present, with larger amplitudes than the global means, which is consistent with previous studies (e.g., Min et al. 2004) .
2. The seasonal dependence of East Asian climate change is predicted to appear as larger warming in DJF, SON and stronger rainfall in JJA, which might indicate a weakening of winter monsoon and a strengthening of summer monsoon in East Asia (Kitoh et al. 1997; Hu et al. 2000a Hu et al. , 2000b Dai et al. 2001; Buhe et al. 2003; Min et al. 2004) .
3. The global and East Asian PCPs are also predicted to increase. Whereas the global PCP change is explained mainly by the change of the LSP, the East Asian PCP change is dominated by CP in JJA and by LSP in DJF. LSP increase in DJF is consistent with strengthened [weakened] storm track, or baroclinicity, north [south] of 40 N, indicating a poleward shift of frontal zone (Geng and Sugi 2003; FischerBruns et al. 2005; Yin 2005 ). However, the CP and LSP results can appear differently in other AOGCMs, depending on the parameterization schemes and horizontal resolution (e.g., Brinkop 2002; Emori et al. 2005) . In this respect, a MME approach based on the model's skill will be useful to simulate seasonal PCP patterns (Giorgi and Mearns 2002; Min et al. 2004) .
4. The CP decreases near the equator in DJF and in the SH mid-latitudes in JJA are caused by a weakened northern winter Hadley circulation and an increase of static stability in the SH, respectively, which supports a mechanism suggested by previous studies (Murphy and Mitchell 1995; Brinkop 2002) .
5. Spatial distributions of statistically significant aerosol effect, which are estimated from A2 minus A2G results in the mid-21st century, are characterized by a cooling over the larger part of East Asia and a drying over areas of stronger PCP increases. It is demonstrated that aerosol forcing does not change patterns of T2m changes and CP and LSP contributions to total PCP changes. This indicates that there is little local effect of sulfate aerosol forcing on simulated climate change over the region consistent with the result in Roeckner et al. (1999) , but unlike the other studies (Menon et al. 2002; Giorgi et al. 2002 Giorgi et al. , 2003 Qian et al. 2003) . The difference might be associated with implementations of black carbon aerosols and/or indirect effects of aerosols.
6. The potential impact of GHG mitigation, inferred from statistically significant differences between the predicted A2G and B2G climates, generally resembles those of the mean changes for T2m and PCP. The impact appears more pronounced in T2m changes than in PCP changes, which is associated with the relatively stronger internal climate variability of PCP (Paeth and Hense 2002) as in the aerosol effect.
